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Summary
In the last decade, the prevalence of Atriplex patula as
a weed in the Belgian sugar beet area has increased.
Possible reasons for its expansion in sugar beet fields,
besides a poor implementation of the low-dose phen-
medipham/activator/soil-acting herbicide (FAR) sys-
tem, might be low sensitivity or evolved resistance to
one or more herbicides used in sugar beet. Dose–re-
sponse pot bioassays were conducted in the glasshouse
to evaluate the effectiveness of five foliar-applied sugar
beet herbicides (metamitron, phenmedipham, desme-
dipham, ethofumesate and triallate) and three pre-
plant-incorporated herbicides (metamitron, lenacil,
dimethenamid-P) for controlling five Belgian A. patula
populations. Local metamitron-susceptible and meta-
mitron-resistant populations of Chenopodium album
were used as reference populations. Effective dosages
and resistance indices were calculated. DNA sequence
analysis of the photosystem II psbA gene was per-
formed on putative resistant A. patula populations.
Overall, A. patula exhibited large intraspecific varia-
tion in herbicide sensitivity. In general, A. patula pop-
ulations were less susceptible to phenmedipham,
desmedipham, ethofumesate and triallate relative to
C. album populations. Two A. patula populations bear
the leucine-218 to valine mutation on the chloroplast
psbA gene conferring low level to high level cross-
resistance to the photosystem II inhibitors phen-
medipham, desmedipham, metamitron and lenacil. In
order to avoid insufficient A. patula control and fur-
ther spread, seedlings should preferentially be treated
with FAR mixtures containing higher-than-standard
doses of metamitron and phenmedipham/desmedipham
and no later than the cotyledon stage.
Keywords: FAR system, metamitron, phenmedipham,
herbicide resistance, bioassay, psbA mutation.
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Introduction
The main Atriplex species found in Belgian sugar beet
fields are Atriplex patula L. (spreading orache) and
Atriplex prostrata Boucher ex DC. (triangle orache) of
which A. patula is the most frequently reported. In the
past, these species were far less important in frequency
and abundance than its counterpart Chenopodium
album L. (fat hen), the principal weed in sugar beet on
worldwide, European and Belgian levels (Holm et al.,
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1977; Schroeder et al., 1993; Tits et al., 2001). Over
the last decades, A. patula has progressively increased
in abundance and is now common across the Belgian
sugar beet area, particularly on sandy loam and clay
soils (Van Landuyt et al., 2006; Delvosalle, 2010). Sim-
ilar increases are reported in the Netherlands, North-
ern France (Delvosalle, 2010) and Germany.
Currently, A. patula is ranked 10th and 15th on the list
of major weeds in, respectively, European (Schroeder
et al., 1993) and Belgian sugar beet fields (Tits et al.,
2001). In 2001, it was already present in 31% of the
Belgian sugar beet fields at an average density of 5.6
plants per m2 (Tits et al., 2001). It is similar in appear-
ance to and often mistaken for C. album that is pre-
sent in 86% of the Belgian sugar beet fields at an
average density of 14.3 plants per m2 (Tits et al.,
2001). However, A. patula is unisexual and has fruits
with two partly joined bracteoles, whereas C. album is
bisexual and has fruits with five unjoined bracteoles
(Van der Meijden, 2005). According to Van Landuyt
et al. (2006), both mixed mating species occur on a
wide variety of soil types, but A. patula is less common
in acid sandy soils. Compared with C. album, A. patula
is more tolerant to waterlogging but less tolerant to
drought (Maganti et al., 2005).
Weed control in Belgian sugar beet is based on the
so-called FAR system, a system widely used by Euro-
pean sugar beet growers. This system was introduced
in Belgium in 1989 by the Royal Belgian Institute for
Beet Improvement as a refinement of the low-dose
technique introduced in France during the 1980s. The
FAR system is basically a low-dose herbicide mixture
(the so-called FAR mixture) repeatedly (3–5 times)
applied early to late post-emergence on very young
weed seedlings. Herbicide doses can be lowered
because of the high susceptibility of very young weeds
and the synergistic effect of mixtures of herbicides.
This FAR mixture controls dicotyledonous weeds and
consists of three components. The first component ‘F’
(derived from the Dutch name ‘fenmedifam’) consists
of foliar-acting contact herbicides phenmedipham and/
or its analogue desmedipham. The second component
‘A’ (derived from the French name ‘Activateur’) of the
FAR mixture is ethofumesate or triallate, which ame-
liorate the activity of the F component. The third com-
ponent ‘R’ (derived from the French ‘racinaire’) is a
soil-acting herbicide that reinforces the action of previ-
ous components and assures the residual activity
(choice depends on weed flora in the field, metamitron
if C. album or A. patula dominate). Additionally, an
adjuvant is added to the mixture to enhance uptake
and efficacy. Within the FAR mixture, metamitron
and phenmedipham are key herbicides for A. patula
and C. album control. Decisions on dose rates of both
herbicides are based on growth stage, but do not
consider a potential difference in herbicide sensitivity
between A. patula and C. album. As of 2015, there
were no reports of herbicide-resistant A. patula in Bel-
gium; in contrast, C. album with target-site resistance
to C1-group herbicides due to glycine-264 to serine
mutation is omnipresent across the whole sugar beet
area (Mechant, 2011). Some of these resistant biotypes
are relicts of historical selection by the s-triazine atra-
zine (banned since 2004) in narrow maize-based crop-
ping systems, while others were selected by the
triazinones metamitron and metribuzin in narrow
sugar beet-potato rotations, as shown by Aper (2012).
As resistance most probably is not the cause of the
expansion of A. patula, other causes may include poor
implementation of the FAR system (e.g. untimely
applications, spraying under uptake limiting environ-
mental conditions), diminished residual effect of soil-
acting herbicides that are used at low doses within
the FAR system, enhanced microbial degradation in
soil, as known for metamitron in intensive flower
bulb culture in the Netherlands (Mechant, 2011), or a
lower sensitivity of A. patula to the FAR herbicides.
Species ecology most probably cannot explain recent
expansion of A. patula because the beet growing
region and associated tillage and cropping systems in
Belgium have not changed substantially during last
decades. In this study, the possibility of differential
herbicide sensitivity profiles of A. patula relative to
C. album, as well as evolved resistance to sugar beet
herbicides, is considered. Although there are currently
no reports of A. patula resistant to sugar beet herbi-
cides, resistance development in A. patula cannot be
ruled out.
In the present study, two hypotheses were tested:
(H1) compared with C. album populations, A. patula
populations have a lower sensitivity to the sugar beet
herbicides used in the FAR system, in particular the
F-components phenmedipham and desmedipham, the
A components ethofumesate and triallate, and R com-
ponents metamitron, lenacil and dimethenamid-P and
(H2) as for C. album populations, and some A. patula
populations that survive standard weed control in
sugar beet are resistant to photosystem II (PSII) inhi-
bitors. Herbicides tested in this study are the principal
herbicidal components of the standard FAR mixture
(phenmedipham, desmedipham, ethofumesate, triallate
and metamitron) and frequently and widely applied
soil-acting herbicides with residual activity against
A. patula and C. album (metamitron, lenacil, dimethe-
namid-P). This study systematically evaluated all com-
ponents of the FAR-based weed control strategy for
their importance in controlling the two key species of
the sugar beet weed community.
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Materials and methods
Test populations
Since inter- and intraspecific differences in herbicide
response may depend on the genetic constitution of the
tested material, all bioassays were performed on a
large set of A. patula and C. album populations.
Experiments were conducted in the summer of 2015
with seeds from local populations of A. patula and
C. album collected in August 2014 from sugar beet
fields that were located at least 15 km apart, except for
the two poorly controlled populations from Zuurbe-
mde. The populations were named after the nearby
town where they were collected (Table 1). Local meta-
mitron-susceptible and metamitron-resistant popula-
tions of C. album, characterised in the study by
Mechant (2011), were used as reference populations.
These populations can be used to check the validity of
our experiments, may provide valuable information
about putative differential responses among A. patula
and C. album populations to FAR herbicides and may
help in exploring the prevalence of herbicide resistance
in A. patula. Both resistant C. album populations
Melle and Vissenaken2 bear the serine-264 to glycine
mutation on the chloroplast psbA gene conferring tar-
get-site cross-resistance to s-triazines and PSII-inhibit-
ing sugar beet herbicides metamitron, lenacil and
chloridazon, as shown by Mechant (2011). The refer-
ence population Melle originates from an experimental
maize monoculture plot at the UGent Experimental
Farm (Melle, Belgium) where yearly atrazine applica-
tion since 1985 selected the serine-264 to glycine bio-
type. Vissenaken2 was selected in a field where sugar
beet was grown in a three-year rotation with potato
and winter wheat.
Herbicide sensitivity study
To evaluate our hypotheses, dose–response pot bioas-
says were conducted to assess intra- and interspecific
variation in herbicide sensitivity among co-occurring
species A. patula and C. album. Inter- and intraspecific
variability was tested by simultaneously subjecting five
Belgian A. patula populations and four C. album
populations (Table 1) to five foliar-applied sugar
beet herbicides [metamitron (Goltix, 700 g L1, SC,
Adama Registrations, Leusden, the Netherlands),
phenmedipham (Betanal, 160 g L1, SE, Bayer
CropScience, Diegem, Belgium), desmedipham (Destor,
160 g L1, SE, AgriChem, Oosterhout, the Nether-
lands), ethofumesate (Tramat, 500 g L1, SC, Bayer
CropScience) and triallate (Avadex, 480 g L1, EC,
Gowan Comercio Internacional E Servicos, Harpen-
den, UK)] and three pre-plant-incorporated herbicides
[metamitron (Goltix, 700 g L1, SC, ADAMA Regis-
trations), lenacil (Venzar, 500 g L1, SC, Du Pont De
Nemours, Mechelen, Belgium) and dimethenamid-P
(Frontier Elite, 720 g L1, EC, BASF Belgium, Water-
loo, Belgium)]. All bioassays were conducted in glass-
houses using plastic pots (diameter = 9 cm,
height = 6.5 cm) filled with steamed sandy loam soil
containing 2.6% organic matter, 46.7% silt (2–50 lm),
43.4% sand (>50 lm) and 10.0% clay with a pH-KCl
of 5.5. A rain-shelter plastic glasshouse with sides left
open up to 1 m high for natural ventilation was used.
Daytime and night-time mean temperature and humid-
ity values, and mean light intensity during the experi-
mental periods are given in Table 2. Pots were
irrigated by overhead sprinklers as needed. The experi-
mental design was a randomised block with three repli-
cates. The experimental unit was one pot of five
seedlings (post-emergence herbicides) or 50–100 seeds
(pre-plant-incorporated herbicides). All bioassays were
run twice except for the bioassays with pre-plant-incor-
porated herbicides.
Each herbicide was tested with seven doses and
compared with a control as enumerated in Table 3.
Foliar-applied herbicides were used at the two-leaf
stage (BBCH 12). These herbicides were applied with
TeeJet XR11002 flat fan nozzles (TeeJet Technologies,
Wheaton, IL, USA) at a spray pressure of 180 kPa
and a spray volume of 300 L ha1. Pre-plant-incorpo-
rated herbicides were uniformly mixed into the soil
prior to filling of the pots, to ensure herbicide presence
in deeper soil layers. Prior to incorporation, the
steamed soil was sieved through a 2-mm mesh screen
and air-dried. Next, the air-dry soil (in g) was mixed
with a dose-dependent aqueous herbicide solution (in
mL) at a ratio of 1:0.1 and transferred into the pots.
Then, each pot was seeded with 50–100 seeds (number
Table 1 Tested A. patula and C. album populations used in dose
–response pot bioassays. The populations are named after the
Belgian town of origin
Species Population Resistance status
Atriplex patula Zuurbemde1 Unknown
Zuurbemde2 Unknown
Vissenaken1 Unknown
Letterhoutem Unknown
Nieuwkerken Unknown
Chenopodium
album
De Moeren Metamitron-sensitive
Wancourt Metamitron-sensitive
Melle Metamitron-resistant*
Vissenaken2 Metamitron-resistant*
*psbA gene mutation encoding for a serine-264 to glycine (Ser-
264–Gly) amino acid substitution in the photosystem II (PSII)
D1 protein.
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depending on the germination rate of the population
with a target number of 30 seedlings per pot). Four
weeks after treatment, foliage fresh biomass was
clipped at the soil surface and dried for 14 h at 75°C.
The resulting foliage dry biomass per pot was used for
statistical analysis.
DNA sequence analysis
In order to detect target-site resistance in the putative
metamitron-resistant populations from Zuurbemde,
DNA sequence analysis was performed on 20 random
plants from Zuurbemde1 and Zuurbemde2 and wild-
type A. patula plants procured from Herbiseed (Twy-
ford, UK). The DNA extraction with FTA card was
performed according to the protocol described by Thiel
et al. (2010). The PCR amplification of the highly con-
served psbA gene was performed using the primers
psbA-up and psbA-low, as described in Thiel et al.
(2010). The amplification of the 1055-bp fragment was
verified by gel electrophoresis on a 2% agarose gel.
Upon verification of the amplification, the PCR prod-
ucts were sequenced by Eurofins MWG GmbH (Ebers-
berg, Germany) using the psbA-low primer. The use of
this primer allows the sequence analysis of the QB-
binding niche of the D1 protein. Visualisation of
sequencing electropherograms and alignment to the
wild-type A. patula sequence and Oxybasis rubra (L.)
S. Fuentes, Uotila & Borsch (syn. Chenopodium rubrum
L.) (NCBI GenBank accession Y14732) were done
using MEGA 7.0.21 (Kumar et al., 2016).
Data analysis
Foliage dry biomass data were analysed in R version
3.2.0. (R Core Team, 2015). The normality and
homoscedasticity were checked with a Q-Q plot and a
Levene test respectively. No data transformation was
required. Foliage dry biomass data obtained from
dose–response bioassays were analysed with the drc
package (Ritz & Streibig, 2005). Dose–response curves
were calculated according to Streibig et al. (1993). As
dose significantly interacted with run, dose–response
curves were fitted for each run separately. Dose–re-
sponse curves for all populations were fitted simultane-
ously for each tested herbicide. Effective dosage ED50
and ED90 (dose required for, respectively, 50% and
90% reduction in foliage dry biomass) and selectivity
indices (SI) as relative potencies between two dose–re-
sponse curves were derived from the regression model
utilising the delta method (Van der Vaart, 1998). SI
(90, 90) (i.e. the ratio between ED90 for one dose–re-
sponse curve and ED90 for another dose–response
curve) and SI (50, 50) (i.e. the ratio between ED50 for
one dose–response curve and ED50 for another dose–
response curve) were used to compare the relative dif-
ferences of ED90 and ED50 among curves respectively.
RIs calculated within species and runs were used to
measure intraspecific variation in ED values.
Finally, A. patula populations were screened for
resistance. A population was classified as resistant
when it was not controlled by a recommended herbi-
cide dose normally lethal to the wild population (agri-
cultural field definition of herbicide resistance) and
when there is a genetically inherited statistical differ-
ence in herbicide response between the putative resis-
tant population and the susceptible wild population
(scientific definition of herbicide resistance) of the same
species (WSSA, 1998). Finally, resistance indices (RIs),
generally used to report the level of resistance (Moss,
1999), were computed in R from the obtained ED50
values: the RI is the ratio of the ED50 of the examined
population to the ED50 of the sensitive reference popu-
lation of the same species (Moss, 1999). Atriplex patula
‘Vissenaken1’ and C. album ‘De Moeren’ were chosen
as sensitive reference populations as they were
Table 2 Day and night mean temperatures, relative humidity and mean daytime light intensity during the dose–response pot bioassays
Experimental run Experimental period
Day/night
mean temperature (°C)
Day/night
mean relative humidity (%)
Mean daytime
light intensity (lux)
Run 1 Pre-application
06/07-22/07 23.4/15.2 62.2/86.9 10 304
Day of application
22/07 19.8 78.8 11 898
Post-application
22/07-06/08 22.2/12.8 55.3/88.2 10 948
Run 2 Pre-application
14/08-28/08 23.1/15.1 64.2/90.6 8568
Day of application
28/08 18.6 74.7 8707
Post-application
28/08-15/09 21.2/12.5 64.1/91.5 5611
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completely controlled after three applications with a
low-dose FAR mixture in the field. A population with
a RI higher than 10 is classified high level resistant.
RIs between 0 and 10 may point to low level resistance
or natural variation (for RIs close to 1) (WSSA, 1998).
Results
Response of A. patula and C. album to sugar beet
herbicides
For phenmedipham and desmedipham (Table 4), both
A. patula populations from Zuurbemde exhibited sig-
nificantly highest ED90s, except for run 2 of phen-
medipham. In run 1, all other A. patula populations
showed significantly higher ED90s than the sensitive
C. album populations De Moeren and Wancourt
except for Nieuwkerken and Vissenaken1 for phen-
medipham (not different from C. album ‘De Moeren’)
and Letterhoutem for desmedipham (not different
from C. album ‘De Moeren’). In run 2, interspecific
differences were less clear cut. Over both runs,
intraspecific differences in ED90s for phenmedipham
were up to a factor of 8.5 for A. patula and up to fac-
tor of 4.6 for C. album. Similar intraspecific differences
were found for desmedipham, namely up to a factor of
10.4 for A. patula and up to factor of 4.5 for C. album.
Atriplex patula and C. album populations were all con-
trolled by doses below maximum authorised field dose
of phenmedipham (i.e. 960 g a.i. ha1), irrespective of
run, except for A. patula populations Zuurbemde1 and
Zuurbemde2 in run 1, requiring doses, respectively, 2.9
and 3.4 higher than maximum authorised field dose.
With regard to desmedipham, the A. patula popula-
tions Zuurbemde1 and Zuurbemde2 (both runs), A
patula ‘Nieuwkerken’ (run 1) and C. album ‘Melle’
(both runs) were not controlled by maximum autho-
rised field dose of desmedipham (i.e. 480 g a.i. ha1).
For Zuurbemde1 and Zuurbemde2, doses up to a fac-
tor of 9.6 higher than maximum field dose were
required to obtain 90% control.
Ethofumesate and triallate exhibited poor activity
against A. patula and C. album populations, as indi-
cated by their very high ED90s (Table 5). For triallate,
about 80% of the A. patula populations had signifi-
cantly higher ED50s than the sensitive C. album popula-
tions, irrespective of run. None of the populations were
controlled by the maximum authorised field dose of
ethofumesate (400 g a.i. ha1) and triallate (i.e. 816 g
a.i. ha1), irrespective of run. In run 1, all C. album pop-
ulations revealed significantly lower ED50 and ED90 val-
ues for ethofumesate than A. patula populations, except
for C. album ‘De Moeren’ at ED90 level (Table 5); in
run 2, differences between species were less clear cut.
The A. patula populations from Zuurbemde were
significantly less sensitive to foliar-applied metamitron
than all other populations, irrespective of run
(Table 6). Doses up to a factor of 5.8 higher than
maximum authorised field dose (1050 g a.i. ha1) were
required to achieve 90% biomass reduction. No signifi-
cant differences in ED90s were found among the other
A. patula populations and the sensitive C. album popu-
lations. As expected, ED90s of the resistant C. album
populations were significantly higher compared with
the sensitive C. album populations. Within A. patula,
differences in ED90 up to a factor of 11 and 15.5 were
obtained in runs 1 and 2 respectively. For C. album,
differences were less pronounced with a factor of 4.5
and 5.5 in runs 1 and 2 respectively.
Response of A. patula and C. album populations to
pre-plant-incorporated herbicides metamitron, dimethe-
namid-P and lenacil is provided in Table 7. Atriplex pat-
ula population Zuurbemde2 showed significantly
highest ED90 for metamitron. There were no significant
differences in ED90s among A. patula populations Let-
terhoutem, Nieuwkerken and Vissenaken1 and the sen-
sitive C. album populations. All populations were
controlled with doses below maximum authorised field
dose (i.e. 3500 g a.i. ha1) except for A. patula popula-
tion Zuurbemde2. Intraspecific differences in ED90s up
to a factor of 6.5 and 5.2 were obtained for A. patula
and C. album respectively. For dimethenamid-P, none
of the populations were controlled by maximum autho-
rised field dose (720 g ha1 dimethenamid-P) except for
C. album Vissenaken2, with significantly lowest ED90.
There were no clear-cut interspecific differences in
ED90s. Intraspecific differences in ED90 were up to a fac-
tor of 7.5 and 45 for A. patula and C. album respec-
tively. For lenacil, no significant differences in ED90s
were obtained among A. patula populations Letter-
houtem, Nieuwkerken and Vissenaken1 and sensitive
C. album populations. The A. patula populations
Zuurbemde1 and Zuurbemde2 and the resistant C. al-
bum population Melle exhibited significantly higher
ED90s than the aforementioned populations and
required, respectively, 4.1-, 1.3- and 1.3-fold higher
doses than maximum authorised field dose (500 g a.i.
ha1) to obtain 90% biomass reduction. Intraspecific
differences in ED90s up to a factor of 25 and 3 were
obtained for A. patula and C. album respectively.
Herbicide resistance profile of A. patula populations
The A. patula populations Zuurbemde1 and Zuurbe-
mde2 exhibited significantly higher ED50 and ED90
values for the PSII inhibitors phenmedipham, desmedip-
ham, metamitron (foliar-applied as well as pre-plant-
incorporated) and lenacil compared with the sensitive
© 2018 European Weed Research Society 58, 99–111
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reference population Vissenaken1, irrespective of run
(Tables 4–7). In addition, both populations required
doses higher than maximum authorised field dose of
those herbicides for 90% biomass reduction. Hence,
both A. patula populations are resistant to these PSII
inhibitors according to the scientific and agricultural
definition of resistance. They are both low level resistant
to phenmedipham (RI  1.8–5.7), low level to high level
resistant to desmedipham (RI  1.70–12.1) and foliar-
applied metamitron (RI  9.4–42.4) and high level
resistant to pre-plant-incorporated metamitron
(RI  10.9–24.0) and lenacil (RI  21.0–33.6) (Fig. 1).
Population Letterhoutem showed significantly
higher ED50 value for foliar-applied and pre-plant-
incorporated metamitron and lenacil compared with
the sensitive reference population Vissenaken1
(Tables 6 and 7). RIs up to 3.1 and 7.5 were obtained
for foliar-applied and pre-plant-incorporated metami-
tron respectively. However, RIs obtained are the result
of natural variation and not provoked by herbicide
resistance, as the ED90s for metamitron and lenacil
were not significantly different from Vissenaken1 and
were well below maximum authorised field doses of
metamitron and lenacil.
Population Nieuwkerken exhibited RIs higher than
2.0 for phenmedipham, desmedipham, triallate and
foliar-applied metamitron (Tables 4–7). However, for
desmedipham and triallate, this population did not sig-
nificantly differ in ED50 from the sensitive reference
population Vissenaken1. With regard to phen-
medipham and metamitron, this population was con-
trolled with doses well below maximum authorised
field dose. Hence, RIs obtained are the result of natu-
ral variation.
The DNA sequence analysis for A. patula plants
from Zuurbemde revealed that the mutation leucine
218 to valine was present in the QB-binding niche of
the D1 protein when compared with the wild-type pop-
ulation A. patula Herbiseed. The leucine 218 to valine
mutation is caused by a thymine to guanine mutation
at position 652 of the psbA gene (Fig. 2).
Discussion
In general, dose–response data and herbicide sensitivity
profiles for C. album populations obtained in our study
are in line with previously published dose–response
data of Mechant (2011) obtained for the same popula-
tions. This strengthens the validity of our results.
H1, compared with C. album populations, A. patula
populations have a lower sensitivity to the sugar beet
herbicides used in the FAR system, is supported. In
general, sensitive A. patula populations are less sensi-
tive to the contact herbicides phenmedipham andT
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desmedipham (F component of the FAR mixture) and
to ethofumesate and triallate (A component of the
FAR mixture) than sensitive C. album populations.
Possibly A. patula has a thicker wax layer than C. al-
bum thus hampering foliar uptake (Kirkwood, 1999).
No interspecific differences in sensitivity were obtained
for metamitron, lenacil and dimethenamid-P (R com-
ponent of the FAR mixture) except for the A. patula
populations from Zuurbemde that were more difficult
to control by metamitron than the resistant C. album
populations, irrespective of mode of application.
Hence, as two of the three components of the FAR
mixture exhibited lower activity against A. patula, than
against C. album, a lower synergistic activity of the
FAR mixture could be expected. So, owing to the dif-
ferential herbicide sensitivity, in particular to the F
and A component herbicides, greater awareness is
required for the presence of A. patula plants in the
sugar beet fields. Satisfactory control of A. patula relies
on higher doses of FAR components than prescribed
for C. album control. Unsatisfactory control of A. pat-
ula plants may quickly build up large viable seedbanks
through its high fecundity [up to 16 000 seeds per
plant according to Stevens (1957)] and seed longevity
[up to 58 year according to Thompson et al. (1997)],
thus causing problems for many years. Despite the
expected lower activity of the FAR mixture and high
fecundity, the expansion of A. patula in sugar beet
fields only became obvious about 20 years after the
introduction of the FAR system. Probably, this is due
to the increase in number of FAR treatments over
time, as a result of the upsurge of metamitron-resistant
C. album populations in sugar beet fields, as reported
by Mechant (2011).
H2, some A. patula populations that survive stan-
dard weed control in sugar beet are resistant to photo-
system II (PSII) inhibitors, is supported. Resistance to
PSII inhibitors was confirmed for A. patula
populations Zuurbemde1 and Zuurbemde2. Both pop-
ulations exhibited the following cross-resistance profile:
low level resistant to phenmedipham (RI  1.8–5.7),
low to high level resistant to desmedipham (RI  1.7–
12.2), high level resistant to foliar (RI  9.4–42.4) and
pre-plant-incorporated (RI  10.9–24.0) metamitron,
high level resistant to lenacil (RI  21.0–33.6) and sus-
ceptible to ethofumesate, triallate and dimethenamid-P.
The resistance is caused by the psbA leucine 218 to
valine target-site mutation. This is the first report on
metamitron-resistant A. patula caused by a leucine 218
to valine mutation on the psbA gene worldwide. A
mutation at the same position is described by Thiel
and Varrelmann (2014) in German C. album popula-
tions from sugar beet fields. These resistant A. patula
populations were even more difficult to control than
the metamitron-resistant C. album reference popula-
tions. Both populations were less sensitive to all FAR
component herbicides than the metamitron-resistant
C. album populations.
The cross-resistance profile of this biotype distinctly
differed from that of the serine-264 to glycine mutated
biotype reported for resistant C. album populations by
Mechant (2011). Compared with the serine-264 to gly-
cine mutated C. album population Melle, the A. patula
populations from Zuurbemde displayed a much higher
Table 6 ED50 and ED90 responses (g a.i. ha
1) with standard errors of A. patula and C. album populations to metamitron applied at
the two leaves stage (runs 1 and 2). Resistance indices (RIs) are given in italic font
Population
Metamitron
Run 1 Run 2
ED50 ED90 RI* ED50 ED90 RI
A. patula
Letterhoutem 10  6.4d 238  79.2c 0.1 200  79.4de 392  196.9d 3.1
Nieuwkerken 78  14.1c 216  47.5c 0.9 126  37.9e 700  239.2cd 2.0
Vissenaken1 89  22.3c 325  88.1c 1.0 64  9.8f 403  69.0d 1.0
Zuurbemde1 836  136.2a 1917  390.2a 9.6 2706  501.0a 6101  1597.5a 42.4
Zuurbemde2 860  136.6a 2374  457.5a 9.4 NA NA NA
C. album
De Moeren 82  9.7c 235  29.8c 1.0 239  23.5d 491  73.0d 1.0
Wancourt 106  12.5c 229  34.0c 1.3 32  21.0f 395  228.8d 0.1
Vissenaken2 313  125.6b 791  480.3b 3.8 999  589.6b 1605  1178.6bc 4.2
Melle 309  58.5b 1032  231.8b 3.7 395  68.4c 2266  384.5b 1.6
No significant differences between figures with the same letter (based on computed selectivity indices and corresponding P-values), com-
parison within columns only.
NA, data not available.
*Resistance index: ratio of the ED50 of the examined population to the ED50 of A. patula ‘Vissenaken1’ for A. patula populations or
C. album ‘De Moeren’ for C. album populations.
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level of resistance to phenmedipham, desmedipham,
metamitron and lenacil and were not negative cross-
resistant to dimethenamid-P.
Many factors may have caused evolved resistance
in A. patula in Belgian sugar beet. Major factors
may be related to A. patula biology and operational
factors. As the risk of herbicide resistance develop-
ment is very much a numbers game, the build-up of
large seedbanks should be avoided to reduce the fre-
quency of individuals bearing rare spontaneous
mutations conferring herbicide resistance. Atriplex
patula certainly has a high risk of herbicide resis-
tance development as it can easily build up a large
persistent seedbank. Narrow sugar beet–potato rota-
tions from the past may have fostered herbicide
resistance development due to the frequent use of C1
group key triazinones metamitron in sugar beet and
metribuzin in potato. Fortunately, Belgian sugar beet
is commonly grown in a three to four-year crop
rotation system with potato, maize, cereals or vegeta-
bles. Although this may ensure a variation in herbi-
cides used, many PSII inhibitors (mainly C1-group
herbicides) are applied, such as terbuthylazine
(although in mixtures only) in maize, phenmedipham
and lenacil in vegetables, chloridazon and metami-
tron in sugar beet, metribuzin in potato and linuron
in maize, potato and some vegetables. These PSII
inhibitors may all potentially select for the same
resistant biotype. Target-site cross-resistance has
often been demonstrated for this group of herbicides
(Mechant, 2011). In addition, the low-dose FAR sys-
tem may also have selected for target-site resistance
through chloroplast heteroplasmy as an additional
selection mechanism. According to Frey et al. (2005),
polymorphic plants surviving herbicide treatment will
probably eliminate susceptible chloroplasts and
become insensitive to further herbicide treatment.
Chloroplast polymorphism for the serine-264 to gly-
cine mutation was already confirmed in susceptible
C. album (Thiel et al., 2010) and Senecio vulgaris
populations (Frey et al., 2005).
Surprisingly, in sugar beet fields, herbicide resis-
tance development to C1-group herbicides occurred
about 25 years later in A. patula than in C. album.
Probably, this is due to the lower fecundity of A. pat-
ula relative to C. album [16 000 vs. 70 000 seeds
plant1, according to Stevens (1957)], as herbicide
resistance development is very much a numbers game.
There could be differential responses to management
practices other than chemical weed control that con-
tribute to the late development of resistant populations
in A. patula. Possibly, the frequency of vital sponta-
neous mutations conferring cross-resistance to C1
group herbicides may also be much lower in A. patulaT
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Fig. 1 Cross-resistance profile of the
metamitron-resistant A. patula (ATXPA)
populations Zuurbemde1 (A) and Zuurbe-
mde2 (B) and the serine-264 to glycine
mutated resistant reference population
C. album (CHEAL) Melle (C), based on
data of run 1 (Experiment 1). Data are
resistance indices, that is the ratio of the
ED50 of the examined population to the
ED50 of the sensitive reference (A. patula
‘Vissenaken1’ for A. patula populations or
C. album ‘De Moeren’ for C. album popu-
lations) and their standard errors. *Means
that the ED50 values of the examined
population and the sensitive reference
population are significantly different
(P < 0.05). HRAC groups: C1, PSII inhi-
bitors; N, lipid biosynthesis inhibitors;
K3, long chain fatty acid inhibitors.
Chenopodium rubrum 631 ttt agt gct atg cat ggt tcc ttg gta act
WT Atriplex patula Herbiseed 631 ttt agt gct atg cat ggt tct ttg gta act
Atriplex patula Zuurbemde    631 ttt agt gct atg cat ggt tct gtg gta act
F   S   A   M   H   G   S  L/V  V   T 
Fig. 2 DNA nucleotide sequence alignment of the position 631 to 660 of the psbA gene for Chenopodium rubrum [GenBank accession
Y14732, complete CDS (1..1059)] in comparison with a sensitive wild-type (WT) A. patula (Herbiseed) and a resistant A. patula from
Zuurbemde. The corresponding amino acid sequence is provided below (A, alanine; F, phenylalanine; G, glycine; H, histidine; L, leu-
cine; M, methionine; S, serine, T, threonine, V, valine).
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than in C. album. Furthermore, fitness cost of psbA
mutants can be more detrimental for some species than
for others, as stated by Vila-Aiub et al. (2009).
In order to stop further spread of the resistant bio-
type across the sugar beet area, seed production should
be avoided and seed migration by manure and machin-
ery prevented. Atriplex patula is a prolific species and
seeds can stay viable for many decades in the soil seed-
bank. This might impair reversibility and challenges
future control in sugar beet or in other rotational
crops (e.g. potato), as reported for C. album by Aper
(2012).
Conclusions
In sugar beet fields infested with A. patula, the FAR
mixture needs to deliver higher foliar activity than nor-
mally needed for C. album control and be applied on
seedlings developed no further than cotyledon stage
(De Cauwer B. & Cardinael A., unpubl. results). Con-
trol of A. patula with evolved resistance to PSII inhibi-
tors additionally requires addition of lenacil (early to
late post-emergence of sugar beet) or dimethenamid-P
(late post-emergence of sugar beet) to the metamitron-
based FAR mixture to compensate for the lack of
residual activity of metamitron. In order to prevent or
delay herbicide resistance development to PSII inhibi-
tors, narrow sugar beet–potato rotations with potato
should be avoided, as well as overreliance on PSII
inhibitors in rotations. In addition, farmers should
strive for 100% control in order to prevent the build-
up of large seedbanks and implement weed manage-
ment tactics that do not exert selection pressure such
as inter-row cultivation.
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